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1. Introduction





conformal window and walking coupling
 - non-Abelian gauge theory with Nf massless fermions -
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Conformal window

Walking Technicolor

QCD-like

• Walking Technicolor could be realized just below the conformal window

• crucial information: Nfcrit  & mass anomalous dimension around Nfcrit

[Yamawaki-Bando-Matumoto]

[Caswell, Banks-Zaks]
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We considerWhy Nf=8 QCD?



Many flavor QCD 
                         ⇒ Candidate for walking/conformal 

Thus, we investigate Nf=8 QCD.
strong coupling dynamics and non-perturbative

Lattice simulation of Nf=8 QCD 

Our investigation in Nf=12 
→ consistent with the conformal with γ=0.4--0.5 .

not favored as WTC (model building)



⇒ Spectrum?
SχSB and/or conformal ?

Schematic picture of the gauge coupling

What is the signal of walking?

Heuristically

QCDf
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in Gauge Theories



Case-1: probe mf << mD → SχSB-like

⇒ Spectrum?
SχSB and/or conformal ?

What is the signal of walking?

QCDf
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Case-2: probe mf >> mD → conformal-like

⇒ Spectrum?
SχSB and/or conformal ?

What is the signal of walking?

QCDf

(µ)

µ

*

mf mD m



Case-1: probe mf << mD → SχSB-like 
(ChPT near χ-limit)

Case-2: probe mf >> mD → conformal-like 
(Hyperscaling w/ or w/o mass corrections)

⇒ Spectrum?
SχSB and/or conformal ?

QCDf

(µ)

µ

*

mf mD m

(Also, LSD collab. paper, arXiv:1405.4752)



2. Walking signals in Nf=8 QCD



Simulation for Nf=8  (same setup with Nf=12)

・Tree-level Symanzik gauge action
・Highly Improved Staggered Quarks = HISQ

lattice action   (Hybrid Monte-Carlo simulation)

★ parameter set
・　　　　　　 3.8,β

�
≡ 6/g2

�
=

★ Measurements (P+AP method ⇒ double size in T-dir.)

・Mπ, Fπ, Mρ, chiral condensate     

V
mf

12^3x16 18^3x24 24^3x32 30^3x40 36^3x48 42^3x56
0.01~0.16 0.04~0.1 0.02~0.1  0.03,0.04~0.07 0.015,0.02,0.03 0.012

(without tadpole improvement and mass correction in Naik term)

・analysis for MπL > 6  

, T/L=4/3 fixed.

★ Gauge configurations for scalar measurement

V=L3xT

(updated) (new) 
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ChPT analysis in small mf region
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F  vs mf and the fitting of power func. w/o intercept

Fπ vs mf with quadratic-func. fit : y=C0+C1*mf+C2*mf^2

red   : C0=0.0202(13), χ2/dof=0.60  (dof=1)

green: C0=0.0240(5),χ2/dof=5.9 (dof=2)

blue : C0=0.0246(7), χ2/dof=9.4 (dof=1)

ChPT seems to be good in 0.012≦mf≦0.03.

Fπ vs mf with power-func. fit (hyperscaling) : y=D1*mf^α

red   : α=0.500(4), χ2/dof=1.22  (dof=2)

green: α=0.0502(3),χ2/dof=1.07 (dof=3)
blue : α=0.0503(3), χ2/dof=1.46 (dof=2)

HS fit seems to be good in 0.04≦mf.
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M 2 vs mf,  and quadratic fit
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red   : α=0.594(3), χ2/dof=2.5  (dof=2)

green: α=0.600(2),χ2/dof=5.0 (dof=3)
blue : α=0.602(2), χ2/dof=2.9 (dof=2)

Mπ2 vs mf with quadratic-func. fit 

red   : C0=-0.0012(11), χ2/dof=0.79  (dof=1)

green: C0=-0.0025(6),χ2/dof=1.4 (dof=2)
blue : C0=-0.0034(8), χ2/dof=0.24 (dof=1)

ChPT  in 0.012≦mf≦0.03.
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Condensate (PBP and Σ) and quadratic-func. fit

PBP=Tr[Prop(x,x)/4], Σ=fπ2Mπ2/mf/4

Σ=FπMπ2/mf/4

PBP

blue : C0=0.00025(2), χ2/dof=3.18  

red  : C0=0.00018(5),χ2/dof=0.89

green: C0=0.00024(2), χ2/dof=1.61 (Fπ)2mf→0*(Mπ2/mf/4)mf→0 = 0.00021(2)

In 0.012≦mf≦0.03, consistent value



Hyperscaling analysis in the heavy mf region



Finite size Hyperscaling analysisin a intermediate mf

information 
of (approximate) IRFP

If the coupling is in slow-running, ...

(DeGrand, Del Debbio et al.)

Comformal → Finite size Hyperscaling behavior with universal γ  

x ≡ L m1/1+γ

LMH = FH(x), LFH = GF (x)

(near the χ-limit)

However, in our walking scenario,



Comformal → Finite size Hyperscaling behavior with universal γ  

x ≡ L m1/1+γ

LMH = FH(x), LFH = GF (x)

Finite size Hyperscaling analysis

FπL MπL MρL

different from Nf=4 and12 γ(Fπ)～1.0, γ(Mπ)～0.6, γ(Mρ)～0.8
non-universal γ in the naive FSHS analysis



: hyperscaling of Fπ (in SχSB)
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Fπ：no data collapsing for 0<γ<2 

Comparison with Nf=4

Comparison with Nf=12: universal γ



Comformal → Finite size Hyperscaling behavior with universal γ  

x ≡ L m1/1+γ

LMH = FH(x), LFH = GF (x)

Finite size Hyperscaling analysis

FπL MπL MρL

different from Nf=4 and12 γ(Fπ)～1.0, γ(Mπ)～0.6, γ(Mρ)～0.8
non-universal γ in the naive FSHS analysis
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Simultaneous fit of Hyperscaling with mass corrections
 in the middle region of mf≧0.05 and ξπ (=MπL) ≧8

ξH(=MHL) vs mf (not X): α=1fixed (⇓example)

In this case, the mass correction works well 
with γ=0.874(25), χ2/dof=0.75, dof=32. (solid line)

• In various trials of this analysis: γ=0.78ー0.93  ～1

(Schwinger-Dyson eq. analysis with large mass:  e.g. α=(3-2γ)/(1+γ)) 

FπL MπL MρL



Walking signals,  
+updated (this talk)

• Nf=8 is (still) consistent with ChPT(SχSB) in the small mf region. 
(0.015≦mf≦0.04 ⇒ 0.012≦mf≦0.03)

• In the χ-limit.,  F=0.031(1)(+2-10) ⇒ 0.0202(13)(+54-67), 

              Mρ/(F/√2)=7.7(1,5) ⇒ 8.5(2.1) , Cond=0.00052(5) ⇒ 0.00021(2).  

• The expansion parameter χ=O(1) of ChPT in the smallest mf (self-
consistent), in contrast to Nf=12.

• In the region of mf≧0.05, hyperscaling is seen. (different from Nf=4)

• non-universal γ for each observable in the naive finite-size hyperscaling 
(different from Nf=12)

• Simultaneous fit of hyperscaling with mass correction (from SD analysis)            
universal γ～1. [remnant of conformality]



3. Light composite scalar in Nf=8



Dilaton ChPT (DChPT) 
S. Matsuzaki and K.Yamawaki, arXiv:1311.3784

mσ2=d0+d1mπ2 , where



For Scalar measurement;
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Results: Nf=8 

Mρ > Mσ ～ Mπ
Nf=8 QCD is in sharp contrast to the real-life QCD 
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Fit to the data in the small mf region where ChPT works

mσ2=mπ2

simple linear fit
mσ=c0+c1mf

Dilaton ChPT (DChPT) fit
S. Matsuzaki and K.Yamawaki, arXiv:1311.3784

mσ2=d0+d1mπ2 , where



In chiral limit:

lattice result: 

(fπ=F/√2,   F≒0.02 input)

→ very large error for very small value → not inconsistent

⇒ Possibility of reproduce mHiggs



Summary 

 SU(3) gauge theories with 4, 12, 16 and 8 HISQ quarks.
     
 Nf=8;  possibility of SχSB in the small mass region of our 
simulation and the remnant of the conformality in the middle 
region of mf with γ~1. (In contrast to Nf=4 and 12 cases.)
 Light Scalar (flavor singlet scalar meson, techni-dilaton)

      Nf=8  → Candidate for  Walking dynamics 

µ

( ) (µ)

Phenomenologically preferable?

Preliminary (data updated: 2013→2014)



In Progress:

  Simulation on larger volumes at lighter masses 
  Finite Size Effect
  Finite Size Scaling
  Lattice spacing dependence (cont’ limit) ←many β
  Spectroscopy (Mglueball, M”scalar”, Mbaryon, Mmeson, Fσ, S-param., 
string tension,  etc.)
       M”scalar”, Mglueball, string tension 
  M”flavor-singlet light scalar”   
　
 Topological charge and susceptibility
 Gradient flow
 Eigenvalues

(one-volume: mf=0.015 on L=36, mf=0.012 on L=42)

Ohki’s talk (Next!)

Aoki-Rinaldi’s poster

Nf=12



Qtop vs  Symanzik flow time

t2Eplaq vs  flow time

In Nf=8 at mf=0.06 on L=24

Qtop vs  #trajectory
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In Progress:

  Simulation on larger volumes at lighter masses 
  Finite Size Effect
  Finite Size Scaling
  Lattice spacing dependence (cont’ limit) ←many β
  Spectroscopy (Mglueball, M”scalar”, Mbaryon, Mmeson, Fσ, S-param., 
string tension,  etc.)
       M”scalar”, Mglueball, string tension 
  M”flavor-singlet light scalar”   
　
 Topological charge and susceptibility
 Gradient flow
 Eigenvalues

(one-volume: mf=0.015 on L=36, mf=0.012 on L=42)

Ohki’s talk (Next!)

Aoki-Rinaldi’s poster

Nf=12



Thank you 



Backup 



effective mass for the lowest mf(=0.015) 
                        on the largest size(L=36) MπPS=MπSC, MρPV=MρVT

→ good flavor symmetry

HISQ with Nf=8:
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data in the Nf=8 paper + updated data

Preliminary
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Size dependence of Mπ and Fπ at β=3.8

On the larger volume, there is not (or very tiny) size dependence.

△=updated
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Mρ vs mf with power-func. fit (hyperscaling) : y=D1*mf^α

Mρ vs mf with quadratic-func. fit : y=C0+C1*mf+C2*mf^2

red   : α=0.516(18), χ2/dof=0.12  (dof=2)

green: α=0.532(14),χ2/dof=0.62 (dof=3)
blue : α=0.535(16), χ2/dof=0.86 (dof=2)
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blue : C0=0.149(20), χ2/dof=0.025 (dof=1)



Simultaneous fit of hyperscaling with mass corrections
(same method with Nf=12)

Hyperscaling? in the middle region of mf (mf≧0.05 and ξπ (=MπL) ≧8) 
The mass corrections might be needed, as done in Nf=12, 

from the lesson in SD analysis.

⇒ good χ2/dof, but unclear which α is better.


